It is well known that the breastplates of many armours from the later 16 th century and the 17 th century bear the hemispherical dents generally known as proof marks. It has been taken as axiomatic that these marks were made in order to demonstrate the armours' effectiveness against firearms.
"Richard Hals is choosing some armour for his cousin in London; he has tested it with as much powder as will cover the bullet in the palm of his hand…" (Verney wished to have the armour tested again, but the armourer refused) "...it is not the custom of workmen to try their armour after it is faced and filed."
FIREARMS
The recent work of Krenn (1990) has given us a very detailed picture of the performance of contemporary firearms. He tested a selection of pistols, and muskets from the very numerous collections of the Graz Zeughaus (Arsenal), on an instrumented Austrian Army firing range, using modern gunpowder. Such powder corresponds to the "corned" powder (of uniform grain size) which displaced "serpentine" powder (of variable grain size) during the 16 th century. The use of serpentine powder would have reduced the muzzle velocity by about 30 to 40%, and hence the available kinetic energy by up to half (Williams, 2003, 921) .
Some of his results included: -A Nürnberg wheellock pistol of c1620 had a muzzle velocity of 438 m/sec, and a muzzle energy of 917 J. -A wheellock carbine of 1593 from Suhl had a muzzle velocity of 427 m/sec, a muzzle energy of 988 J, and a bullet velocity at a distance of 8.5 m from the muzzle of 406 m/sec. -A 17 th century matchlock arquebus from Styria had a muzzle velocity of 449 m/sec, and a muzzle energy of 1752 J. This velocity diminished to 428 m/sec by 8.5m, and hence the energy diminished to 1592 J. But it was observed that at 100m the bullet still retained enough energy to put a lead bullet (17g) through 1 mm of mild steel sheet. Even more powerful was a 16th century musket (with a 1 m barrel) which had a muzzle velocity of 456 m/sec, and a muzzle energy of 3125 J.
RESULTS OF EXAMINATION OF BULLET DENTS ON CUIRASSIER´S ARMOURS
There are a series of "three-quarters"cuirassier's armours dating from the second quarter of the 17 th century which bear almost identical "proof marks" in very similar positions on the right side of the front of the breastplate, near the central keel, and some of which bear Nürn-berg city marks. There is one, now polished bright, in the Wallace Collection, London (A.65) and others, still remaining blackened, in the German Historical Museum, Berlin (DHM), the Bavarian Army Museum, Ingolstadt, and the West Bohemia Museum, Plzen.
Wallace Collection, London (A.65) 1. The average thickness of the breastplate at the centre is 3.7 mm Left side edge = 2.8 mm; Left lower edge = 2.7 mm Right side edge = 3.2 mm; Right lower edge = 2.8 mm Upper edge = 2.9 mm; Weight = 5.2 kg 2. Dent -diameter = 10.3 mm 3. Dent -depth = 3.8 mm Vertical height from neck opening to fauld = 37.5 cm Circumferential width from one side to the other = 48.5 cm Approximately, surface area = 1800 cm 3 The area of the breastplate, and its weight, also suggest an average thickness of 3.7mm, which is close to that determined at the front, where the bullet impact is to be found.
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Weight 5200 g Average thickness = -------------= --------------------= 0.37 cm Area x density 1800 cm 2 x 7.9 g. cm -3
The microstructure of the breastplate was also determined, and found to consist simply of ferrite and slag, in short, a wrought iron.
Microhardness (100g load) range 112-142; average = 131 VPH.
Deutsches Historisches Museum, Berlin (DHM 1989 (DHM /2564 1. Average thickness of the breastplate = 3,78 mm. 2. Diameter of the dent = 10,69 mm. 3. Depth of the dent = 4,44 mm.
The microstructure of the breastplate was also determined, and also found to consist simply of ferrite and slag (Williams, 2003, 673) .
Microhardness (100g load) range 195-236; average = 211 VPH. It is notably hard for a wrought iron, but etching with Oberhoffer's reagent, which does not deposit copper on high-phosphorus areas, suggests a higher than average phosphorus content.
Bavarian Army Museum, Ingolstadt (BAM A.11668) This armour has a dent exactly in the centre of the breastplate.
1. Average thickness of the breastplate = 3 mm. 2. Diameter of the dent = 11 mm. 3. Depth of the dent = 3.7 mm.
The microstructure of the breastplate has not been determined, but is assumed for the purposes of these calculations also to consist of ferrite and slag.
The microstructure of the breastplate of a very similar armour in the West Bohemia Museum, Plzen, was also determined, and also found to consist simply of ferrite and slag (Williams, 2003, 676) . Indeed, it seems that most 17 th century armour was made merely of iron, and relied on its thickness alone, rather than metallurgical sophistication, to defeat missiles.
Apparently these armours were all intended, or at least purported, to be bullet proof, since they all bear the indentation of a bullet in the centre of the breastplate. Would they have actually resisted the weapons of the performance established by Krenn's experiments? Before attempting to answer this question, it was thought worthwhile to compare the "proof mark" struck on these armours with other dents, some of which from their position were certainly due to battle damage, on armours from the collections of Vienna and Madrid. Hofjagd-und Rüstkammer, Vienna, 2004 Dents are assumed to be circular unless specified otherwise. The dimensions of oval dents have been averaged. The diameter is given first, and then the depth of indentation. The thickness of the breastplate at its front (in the vicinity of the dents) was measured with a dial gauge. In Madrid, the thickness was measured with a vernier caliper. Ultrasound was not used here for thickness measurements because of the common occurrence of laminations. Surface hardness, as well as microhardness, is quoted to show that the metallography is representative. Where there is more than one dent, they are labelled ...a, b, c, etc.
Results of examination of bullet dents on armour in
BULLET DENTS -"PROOF MARKS" OR BATTLE DAMAGE
Those dents which have diffuse rims are identified as D. The calculation of impact energy for such dents is more complex, as discussed below. The presence of a sharp rim to the dent is suggestive of the use of a cast-iron bullet. Indeed, Biringuccio describes in 1540 the making of both cast iron and wrought iron as materials for bullets (1959: 321) . Where a deforming bullet has been used, then the bullet energy must have been greater than the figures quoted here, as a part of its kinetic energy was used up in deforming the bullet, as well as deforming the armour. A dent which has become a cup almost detached from the helmet 13.9 x 5.2 mm D. A sample was also taken from the skull of the burgonet of A.1656, near the peak. The microstructure consists of equiaxed ferrite with a small amount of intergranular pearlite (corresponding to a carbon content of less than 0.2%C). There are also a few slag inclusions. Thickness of breastplate at front = 2.3 mm. Metallography: A specimen from the neck plate of the helmet was examined in section.
A.831. Armour of Gianettino
The microstructure consists of ferrite and slag inclusions only. The microhardness (average) = 179 VPH. Madrid, Real Armeria (2005) There are 3 examples of siege armour (1600-1650) with severe dents.
Results of examination of bullet dents on armour in
A.427 breastplate has numerous small dents -largest is diameter 9.3 mm, depth 0.8 mm. Thickness ranges from 5.5 to 8.5 mm.
E.199
Backplate has 2 large dents as well as several smaller ones. (c) diameter 36.7 mm. Depth 6.5 mm.
Metallography was not carried out upon the last three armours. The average hardness from the microhardness measurements of the armours from Vienna was 168 VPH, so the assumption is made for the sake of this calculation that all three Madrid armours consist only of iron, and their average hardness is 160 VPH.
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Gladius, XXVI (2006) D = diffuse rim VPN in kg/mm 2 can be converted into uniaxial yield strength in MPa (ie MN/m 2 or N/mm 2 ) by multiplying by (9.8/3) = 3.3. Thus 135 VPN becomes 135 x 3.3 = 445 MPa. The 9.8 converts kg to Newtons and the 3 is the approximate factor by which the hardness is a multiple of the unconstrained yield strength.
These derived yield strengths may be compared with experimental results obtained by one of the authors (Williams, 1974) using an extensometer, on fragments of armour from the Tower of London stores, supplied by the late Russell Robinson. (assumes 6.88 kPa = 1 psi).
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Gladius, XXVI (2006) All these had ferrite/pearlite or ferrite/carbide microstructures. The derived results are somewhat higher, probably due to the lower slag content of modern steels, but not unrealistically so.
Instrumented impact tests were also carried out by one of the authors on 2 mm wrought iron plates. It was found that they would be penetrated by a spherical steel projectile with 900 J of energy or a lead one with 1500 J of energy (Williams, 2003: 942) . These energies would be well within the range of muzzle energies offered by an arquebus in Krenn's tests.
Other tests have been carried out with a target of modern mild steel sheet (3.2 mm thick). 20 mm ball-bearings were used, as well as 20 mm lead balls, as projectiles. The results of an impact of a hard steel ball-bearing (used to mimic a cast-iron bullet) are shown from front ( Fig.8) and rear (fig.9 ). It will be observed that a sharp rim has formed, and a hemisphere of target metal is almost detached.
The results of several impacts on lead bullets (at muzzle velocities ranging from 127 m.sec -1 to 181 m.sec -1 ) are also shown from the front in Fig. 10 , and the side in Fig. 11 .
ESTIMATION OF ENERGY INVOLVED IN PRODUCTION OF A DENT AND THE RESULTING SIZE OF A DENT
The production of a permanent dent in armour means that irreversible plastic work has been done in its formation. That work is imparted by loss of kinetic energy of the bullet.
The bottom regions of an impression conform to the shape of the bullet and, in some cases that profile is carried through to the surface of the armour to produce a sharp rim between indent and (undeformed) surface. Thus a spherical bullet may produce an indentation that is part of a sphere impressed upon the original surface of the armour where all the permanent deformation is localized into the spherical dent.
In other cases, however, the deformation spreads into the original surface around the dent thus producing an impression with a more diffuse rim in which there is reversed curvature. The difference in shape of the dent is probably due to the fact that lead bullets undergo considerable distortion.
Idealized versions of the two cases are shown in Figures 1 & 2 , and practical examples from armours in Figures 12.
In both cases, the energy required to form the impression, is obtained from: "(plastic work required per volume) x (volume permanently deformed)" where the plastic work per volume is given by (the yield strength of the armour) x (the plastic strain imposed in dent formation) The yield strength Y is inferred from the hardness, using Y (MPa) = (10/3)VPN (kg/mm 2 ) (we are ignoring work hardening for simplicity, so Y is constant).
The plastic strain is obtained from measurements of the permanent indentation compared with the original size of the region of armour that formed the dent. Owing to the different geometries of the two types of dent described above, different methods of calculation are employed in the two cases, but the principle is the same. (Figure 1) The dent has depth δ below the original surface of the armour. The dent has spherical radius ρ. The circular rim in the plane of the original sheet has radius r.
(i) Sharp Rims
Geometry gives δ (2r -δ) = r 2 ρ = (r 2 + δ 2 ) / 2δ sinθ = r/ρ; θ = sin -1 (r/ρ) The dent has been formed by biaxial stretching and thinning of the surface under the bullet. Each principal biaxial strain is given by ε = (2ρθ -2r)/2r and the effective (3-dimensional) plastic strain for dent formation is twice each biaxial strain value, ie ε effective = 2ε = 2(2ρθ -2r)/2r = 2(ρθ -r)/r
The plastic work per volume is thus 2Y(ρθ -r)/r
The volume V of the original armour formed into the dent is V = πr 2 t where t is the undeformed thickness of the armour plate (not the thinned metal in the permanent indentation).
The energy E sharprim required to form an indent having a sharp rim is thus We assume that the 'reverse radius' has the same magnitude as the spherical bullet radius to which the bottom of the indent conforms, i.e. is r. The depth of the bottom of the indent is again δ below the original surface of the armour. The diameter of the whole indentation is D.
From continuity of curvature δ = 2r (1 -cosα) and D = 2r tan α + 2(r -δ) tanα where α is defined in the figure. 
